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• Science. 1996 Sep 6:273(5280): 1336. 



Crystal structure of the Aequorea victoria green fluorescent 
protein. 

OrmoM, Cubitt AB , KaUioK, Gross LA , TsienRY, Remington SJ . 

Institute of Molecular Biology and Department of Physics, University of 
Oregon, Eugene, OR 97403- 1 226, USA. 

The green fluorescent protein (GFP) from the Pacific Northwest jellyfish 
Aequorea victoria has generated intense interest as a marker for gene 
expression and localization of gene products. The chromophore, 
resulting from the spontaneous cyclization and oxidation of the sequence 
-Ser65 (or Thr65)-Tyr66-Gly67-, requires the native protein fold for 
both formation and fluorescence emission. The structure of Thr65 GFP 
has been determined at 1.9 angstrom resolution. The protein fold 
consists of an 1 1 -stranded beta barrel with a coaxial helix, with the 
chromophore forming from the central helix. Directed mutagenesis of 
one residue adjacent to the chromophore, Thr203, to Tyr or His results in 
significantly red-shifted excitation and emission maxima. 

PMID: 8703075 [PubMed - indexed for MEDLINE] 
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Crystal structure of a flavoprotein related to the subunits of 
bacterial luciferase. 

Moore SA, James MN, O'Kane D.L Lee J . 

Department of Biochemistry, University of Alberta, Edmonton, Canada. 

The molecular structure of the luxF protein from the bioluminescent 
bacterium Photobacterium leiognatbi has been determined by X-ray 
diffraction techniques and refined to a conventional R-f actor of 17.8% at 
2.3 A resolution. The 228 amino acid polypeptide exists as a 
symmetrical homodimer and 33% of the monomer's solvent-accessible 
surface area is buried upon dimerization. The monomer displays a novel 
fold that contains a central seven-stranded beta-barrel. The solvent- 
exposed surface of the monomer is covered by seven alpha-helices, 
whereas the dimer interface is primarily a flat surface composed of beta- 
strands. The protein monomer binds two molecules of flavin 
mononucleotide, each of which has C6 of the flavin isoalloxazine moiety 
covalently attached to the C3 1 carbon atom of myristic acid. Both 
myristyl groups of these adducts are buried within the hydrophobic core 
of the protein. One of the cofactors contributes to interactions at the 
dimer interface. The luxF protein displays considerable amino acid 
sequence homology with both alpha- and beta-subunits of bacterial 
luciferase, especially the beta-subunit. Conserved amino acid residues 
shared between luxF and the luciferase subunits cluster predominantly in 
two distinct regions of the luxF protein molecule. These homologous 
regions in the luciferase subunits probably share a three-dimensional 
fold similar to that of the luxF protein. 



PMID: 8491 169 [PubMed - indexed for MEDLINE] 
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The molecular structure of green fluorescent protein. 
Yang F, Moss LG . Phillips GN Jr . 

Department of Biochemistry and Cell Biology, Rice University, 
Houston, TX 77005-1892, USA. 

The crystal structure of recombinant wild-type green fluorescent protein 
(GFP) has been solved to a resolution of 1.9 A by multi wavelength 
anomalous dispersion phasing methods. The protein is in the shape of a 
cylinder, comprising 1 1 strands of beta-sheet with an alpha-helix inside 
and short helical segments on the ends of the cylinder. This motif, with 
beta-structure on the outside and alpha-helix on the inside, represents a 
new protein fold, which we have named the beta-can. Two protomers 
pack closely together to form a dimer in the crystal. The fluorophores are 
protected inside the cylinders, and their structures are consistent with the 
formation of aromatic systems made up of Tyr66 with reduction of its C 
alpha-C beta bond coupled with cyclization of the neighboring glycine 
and serine residues. The environment inside the cylinder explains the 
effects of many existing mutants of GFP and suggests specific side 
chains that could be modified to change the spectral properties of GFP. 
Furthermore, the identification of the dimer contacts may allow 
mutagenic control of the state of assembly of the protein. 

PMID: 9631087 [PubMed - indexed for MEDLINE] 
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Crystal structure and photodynamic behavior of the blue 
emission variant Y66H/Y145F of green fluorescent protein. 

Wachter RM. King BA, Heim R. Kallio K . Tsien RY . Boxer SG . 
Remington S J. 

Institute of Molecular Biology, Department of Physics, University of 
Oregon, Eugene 97403, USA. 

The crystal structure of a blue emission variant (Y66H/Y145F) of the 
Aequorea victoria green fluorescent protein has been determined by 
molecular replacement and the model refined. The crystallographic R- 
factor is 18. 1 % for all data from 20 to 2. 1 A, and the model geometry is 
excellent. The chromophore is non-native and is autocatalytically 
generated from the internal tripeptide Ser65-His66-Gly67. The final 
electron density maps indicate that the formation of the chromophore is 
complete, including 1,2 dehydration of His66 as indicated by the 
planarity of the chromophore. The chromophore is in the cis 
conformation, with no evidence for any substantial fraction of the trans 
configuration or uncyciized apoprotein, and is well-shielded from bulk 
solvent by the folded protein. These characteristics indicate that the 
machinery for production of the chromophore from a buried tripeptide 
unit is not only intact but also highly efficient in spite of a major change 
in chromophore chemical structure. Nevertheless, there are significant 
rearrangements in the hydrogen bond configuration around the 
chromophore as compared to wild-type, indicating flexibility of the 
active site. pH titration of the intact protein and the chromopeptide 
(pKal = 4.9 +/- 0.1, pKa2 = 12.0 +/- 0.1) suggests that the predominant 
form of the chromophore in the intact protein is electrically neutral. In 
contrast to the wild-type protein [Chattoraj, M., King, B. A., Bublitz, G. 
U., & Boxer, S. G. (1996) Proc. Natl. Acad. Sci. U.S.A., 8362-8367], 
femtosecond fluorescence up-conversion spectroscopy of the intact 
protein and a partially deuterated form strongly suggests that excited- 
state proton transfer is not coupled to fluorescence emission. 

PMID: 9245407 [PubMed - indexed for MEDLINE] 
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Structural basis for dual excitation and photoisomerization 
of the Aequorea victoria green fluorescent protein. 

Brejc K . Sixma TK , KHtsPA, KainSR, Tsien RY , Ormo M . 
Remington SI . 

Netherlands Cancer Institute, Department of Molecular Carcinogenesis, 
Amsterdam. 

The 2.1 -A resolution crystal structure of wild-type green fluorescent 
protein and comparison of it with the recently determined structure of 
the Ser-65 --> Thr (S65T) mutant explains the dual wavelength 
absorption and photoisomerization properties of the wild-type protein. 
The two absorption maxima are caused by a change in the ionization 
state of the chromophore. The equilibrium between these states appears 
to be governed by a hydrogen bond network that permits proton transfer 
between the chromophore and neighboring side chains. The predominant 
neutral form of the fluorophore maximally absorbs at 395 nm. It is 
maintained by the carboxylate of Glu-222 through electrostatic repulsion 
and hydrogen bonding via a bound water molecule and Ser-205. The 
ionized form of the fluorophore, absorbing at 475 nm, is present in a 
minor fraction of the native protein. Glu-222 donates its charge to the 
fluorophore by proton abstraction through a hydrogen bond network, 
involving Ser-205 and bound water. Further stabilization of the ionized 
state of the fluorophore occurs through a rearrangement of the side 
chains of Thr-203 and His- 148. UV irradiation shifts the ratio of the two 
absorption maxima by pumping a proton relay from the neutral 
chromophore's excited state to Glu-222. Loss of the Ser-205-Glu-222 
hydrogen bond and isomerization of neutral Glu-222 explains the slow 
return to the equilibrium dark-adapted state of the chromophore. In the 
S65T structure, steric hindrance by the extra methyl group stabilizes a 
hydrogen bonding network, which prevents ionization of Glu-222. 
Therefore the fluorophore is permanently ionized, causing only a 489- 
nm excitation peak. This new understanding of proton redistribution in 
green fluorescent protein should enable engineering of environmentally 
sensitive fluorescent indicators and UV-triggered fluorescent markers of 
protein diffusion and trafficking in living cells. 
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Crystal structure of a flavoprotein related to the subunits of 
bacterial luciferase. 

Moore SA > James M N, O'Kane DJ, Lee J , 

Department of Biochemistry, University of Alberta, Edmonton, Canada. 

The molecular structure of the luxF protein from the bioluminescent 
bacterium Photobacterium leiognathi has been determined by X-ray 
diffraction techniques and refined to a conventional R-factor of 17.8% at 
2.3 A resolution. The 228 amino acid polypeptide exists as a 
symmetrical homodimer and 33% of the monomer's solvent-accessible 
surface area is buried upon dimerization. The monomer displays a novel 
fold that contains a central seven-stranded beta-barrel. The solvent- 
exposed surface of the monomer is covered by seven alpha-helices, 
whereas the dimer interface is primarily a flat surface composed of beta- 
strands. The protein monomer binds two molecules of flavin 
mononucleotide, each of which has C6 of the flavin isoalloxazine moiety 
covalently attached to the C3' carbon atom of myristic acid. Both 
myristyl groups of these adducts are buried within the hydrophobic core 
of the protein. One of the cofactors contributes to interactions at the 
dimer interface. The luxF protein displays considerable amino acid 
sequence homology with both alpha- and beta-subunits of bacterial 
luciferase, especially the beta-subunit. Conserved amino acid residues 
shared between luxF and the luciferase subunits cluster predominantly in 
two distinct regions of the luxF protein molecule. These homologous 
regions in the luciferase subunits probably share a three-dimensional 
fold similar to that of the luxF protein. 
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Three-dimensional structure of bacterial luciferase from 
Vibrio harveyi at 2.4 A resolution. 

Fisher AJ , Raushel FM , Baldwin TO , Rayment I. 

Department of Biochemistry, University of Wisconsin, Madison 53705, 
USA. 

Luciferases are a class of enzymes that generate light in the visible 
spectrum. Luciferase from luminous marine bacteria is an alpha-beta 
heterodimer monooxygenase that catalyzes the oxidation of FMNH2 and 
a long-chain aliphatic aldehyde. The X-ray crystal structure of bacterial 
luciferase from Vibrio harveyi has been determined to 2.4 A resolution. 
The structure was solved by a combination of multiple isomorphous 
replacement and molecular averaging between the two heterodimers in 
the asymmetric unit. Each subunit folds into a (beta/alpha)8 barrel motif, 
and dimerization is mediated through a parallel four-helix bundle 
centered on a pseudo 2-fold axis that relates the structurally similar 
subunits. The vicinity of the active site has been identified on the alpha 
subunit by correlations with similar protein motifs and previous 
biochemical studies. The structure presented here represents the first 
molecular model of a bioluminescent enzyme. 
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Flavin reductase P: structure of a dimeric enzyme that 
reduces flavin. 

Tanner JJ, Lei B , Tu SC . Krause KL . 

Department of Biochemical and Biophysical Sciences, University of 
Houston, Texas 77204-5934, USA. 

We report the structure of an NADPH:FMN oxidoreductase (flavin 
reductase P) that is involved in bioluminescence by providing reduced 
FMN to luciferase. The 1.8 A crystal structure of flavin reductase P from 
Vibrio harveyi was solved by multiple isomorphous replacement and 
reveals that the enzyme is a unique dimer of interlocking subunits, with 
9352 A2 of surface area buried in the dimer interface. Each subunit 
comprises two domains. The first domain consists of a four-stranded 
antiparallel beta-sheet flanked by helices on either side. The second 
domain reaches out from one subunit and embraces the other subunit and 
is responsible for interlocking the two subunits. Our structure explains 
why flavin reductase P is specific for FMN as cofactor. FMN is 
recognized and tightly bound by a network of 16 hydrogen bonds, while 
steric considerations prevent the binding of FAD. A flexible loop 
containing a Lys and an Arg could account for the NADPH specificity. 
The structure reveals information about several aspects of the catalytic 
mechanism. For example, we show that the first step in catalysis, which 
is hydride transfer from C4 of NADPH to cofactor FMN, involves 
addition to the re face of the FMN, probably at the N5 position. The 
limited accessibility of the FMN binding pocket and the extensive FMN- 
protein hydrogen bond network are consistent with the observed ping- 
pong bisubstrate— biproduct reaction kinetics. Finally, we propose a 
model for how flavin reductase P might shuttle electrons between 
NADPH and luciferase. 
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Structure of the beta 2 homodimer of bacterial luciferase 
from Vibrio harveyi: X-ray analysis of a kinetic protein 
folding trap, 

Thoden JB. Holden HM. Fisher AJL Sinclair JF , Wesenberg G. 
Baldwin TO , Rayment I . 

Institute for Enzyme Research, University of Wisconsin, Madison 
53705, USA. 

Luciferase, as isolated from Vibrio harveyi, is an alpha beta heterodimer. 
When allowed to fold in the absence of the alpha subunit, either in vitro 
or in vivo, the beta subunit of enzyme will form a kinetically stable 
homodimer that does not unfold even after prolonged incubation in 5 M 
urea at pH 7.0 and 18 degrees C. This form of the beta subunit, arising 
via kinetic partitioning on the folding pathway, appears to constitute a 
kinetically trapped alternative to the heterodimeric enzyme (Sinclair JF, 
Ziegler MM, Baldwin TO. 1994. Kinetic partitioning during protein 
folding yields multiple native states. Nature Struct Biol 1: 320-326). 
Here we describe the X-ray crystal structure of the beta 2 homodimer of 
luciferase from V. harveyi determined and refined at 1.95 A resolution. 
Crystals employed in the investigational belonged to the orthorhombic 
space group P2(l)2(l)2(l) with unit cell dimensions of a = 58.8 A, b = 
62.0 A, and c = 218.2 A and contained one dimer per asymmetric unit. 
Like that observed in the functional luciferase alpha beta heterodimer, 
the major tertiary structural motif of each beta subunit consists of an 
(alpt^eta)8 barrel (Fisher AJ, Raushel FM, Baldwin TO, Rayment I. 
1995. Three-dimensional structure of bacterial luciferase from Vibrio 
harveyi at 2.4 A resolution. Biochemistry 34: 6581-6586). The root- 
mean-square deviation of the alpha-carbon coordinates between the beta 
subunits of the hetero- and homodimers is 0.7 A. This high resolution X- 
ray analysis demonstrated that "domain" or "loop" swapping has not 
occurred upon formation of the beta 2 homodimer and thus the stability 
of the beta 2 species to denaturation cannot be explained in such simple 
terms. In fact, the subunitisubunit interfaces observed in both the beta 2 
homodimer and alpha beta heterodimer are remarkably similar in 
hydrogen-bonding patterns and buried surface areas. 
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Structure of bacterial luciferase beta 2 homodimer: 
implications for flavin binding. 

Tanner JJ, Miller MP . Wilson KS . Tu SC. Krause KL . 

Department of Biochemical and Biophysical Sciences, University of 
Houston, Texas 77204-5934, USA. 

The crystal structure of the beta 2 homodimer of Vibrio harveyi 
luciferase has been determined to 2.5 A resolution by molecular 
replacement. Crystals were grown serendipitously using the alpha beta 
form of the enzyme. The subunits of the homodimer share considerable 
structural homology to the beta subunit of the alpha beta luciferase 
heterodimer. The four C-terminal residues that are disordered in the 
alpha beta structure are fully resolved in our structure. Four peptide 
bonds have been flipped relative to their orientations in the beta subunit 
of the alpha beta structure. The dimer interface of the homodimer is 
smaller than the interface of the heterodimer in terms of buried surface 
area and number of hydrogen bonds and salt links. Inspection of the 
subunits of our structure suggests that FMNH2 cannot bind to the beta 2 
enzyme at the site that has been proposed for the alpha beta enzyme. 
However, we do uncover a potential FMNH2 binding pocket in the 
dimer interface, and we model FMN into this site. This proposed flavin 
binding motif is consistent with several lines of biochemical and 
structural evidence and leads to several conclusions. First, only one 
FMNH2 binds per homodimer. Second, we predict that reduced FAD 
and riboflavin should be poor substrates for beta 2. Third, the reduced 
activity of beta 2 compared to alpha beta is due to solvent exposure of 
the isoalloxazine ring in the beta 2 active site. Finally, we raise the 
question of whether our proposed flavin binding site could also be the 
binding site for flavin in the alpha beta enzyme. 
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